The superconducting proximity effect in single-walled carbon nanotubes connected to niobium electrodes was controlled with the use of nearby gates that tune the niobium-nanotube transparency. At 4.2 kelvin, when the transparency was tuned to be high, a dip in the low-bias differential resistance was observed, indicating a proximity effect mediated by Andreev reflection. When the transparency was tuned to be low, signatures of Andreev reflection disappeared and only tunneling conduction was observed. Below ϳ4 kelvin, a narrow peak in differential resistance around zero bias appeared superimposed on the Andreev dip, probably as a result of electron-electron interaction competing with the proximity effect.
The superconducting proximity effect in single-walled carbon nanotubes connected to niobium electrodes was controlled with the use of nearby gates that tune the niobium-nanotube transparency. At 4.2 kelvin, when the transparency was tuned to be high, a dip in the low-bias differential resistance was observed, indicating a proximity effect mediated by Andreev reflection. When the transparency was tuned to be low, signatures of Andreev reflection disappeared and only tunneling conduction was observed. Below ϳ4 kelvin, a narrow peak in differential resistance around zero bias appeared superimposed on the Andreev dip, probably as a result of electron-electron interaction competing with the proximity effect.
The electronic properties of a normal conductor are modified by the presence of a nearby superconductor, a phenomenon known as the superconducting proximity effect. This effect has been widely investigated for two-and threedimensional metallic and semiconducting structures and is now well understood (1) . The situation is different for strictly one-dimensional (1D) systems, where intrinsic electronic properties are expected to differ qualitatively from those in higher dimensions (2) and experimental work is hampered by the difficulty of fabricating and probing 1D structures. The discovery of single-walled carbon nanotubes (SWNTs) (3), long cylindrical carbon molecules with diameters in the nanometer range, has changed the experimental situation. These molecules constitute an experimentally accessible model system of a 1D electron liquid (4) (5) (6) (7) (8) (9) (10) and offer new opportunities to control transport properties in 1D conductors. Here, we show that the superconducting proximity effect in SWNTs (10) can be controlled by means of a gate voltage.
The experimental system we consider consists of SWNTs between two superconducting Nb electrodes fabricated on a Si substrate. Fabrication of the nanotubes is based on chemical vapor deposition (CVD) using flowing methane gas and a catalyst to seed the growth of individual SWNTs (11) . Pairs of 5 m by 5 m islands of catalyst with separations ranging from 0.3 to 3 m are patterned on a thermally oxidized Si wafer by means of electron-beam lithography and liftoff techniques. The CVD process frequently yields one or more SWNTs connecting pairs of islands. In a second lithographic step, 60 nm of Nb covered by 20 nm of Au is sputtered on top of the catalyst in patterned regions that extend over the sides of the islands, providing direct electrical contact between the Nb and the SWNTs. In a final processing step, the Nb electrodes are connected to large Ti-Au bonding pads. Not all SWNTs conduct at low temperature, nor do all contacts have low resistance; hence, pad spacing is optimized to yield typically three or four individual SWNTs interconnecting the electrodes (Fig. 1 ), leading to a large number of samples whose electrical characteristics are suitable for the present investigation.
Low-temperature transport measurements of current I and of differential resistance, dV/dI, versus bias voltage V are made in a two-lead configuration with a series resistance of ϳ20 ohms, a negligible value relative to the resistance of the sample. The Si substrate is highly doped and remains conducting at low temperature, so that it can be used as a back gate (12) Typical I-V measurements at 4.2 K for gate voltages V g ϭ 0 V and Ϫ40 V (Fig. 2) demonstrate that a large negative gate voltage decreases the overall sample resistance. From the change in total sample resistance alone, one cannot conclude whether the gate voltage acts to change the resistance of the metallic SWNTs themselves or the transparency of the contacts. However, changes in the shape of dV/dI with gate voltage in the presence of superconducting leads indicate that it is predominantly the contact transparency that changes, as described below. This conclusion is consistent with observations that the typical resistance among a batch of samples does not depend on the length of the SWNTs, and hence it is the contacts that dominate the total resistance (13) .
The important feature of the I-V curves of samples with superconducting contacts is a change in nonlinearity with gate voltage ( conducting leads (Fig. 3, A and B) , and differs markedly from that of SWNTs with normal metal (Ti-Au) contacts (Fig. 3C) . Samples with normal metal contacts show only a broad, featureless peak in dV/dI around zero bias, which increases in amplitude as the temperature is lowered and which is larger for samples with higher resistance. The effect of V g in samples with normal metal contacts is to change the overall resistance of the sample, but not the shape of dV/dI versus V. The strong, gate voltage-dependent features in dV/dI for the case of superconducting contacts appear at bias voltages of ϳ2 to 3 meV, close to twice the superconducting gap of Nb (2⌬ Nb ϳ 2.9 meV), as expected for two Nb-SWNT junctions connected in series (14) . These features appear superimposed on a broad nonlinear background similar to what is seen for normal metal contacts. At temperatures above the critical temperature T c of Nb (ϳ9.2 K), the gate voltage-dependent features disappear but the background remains essentially unchanged (Fig. 4) .
These observations indicate that the features in dV/dI that are strongly dependent on gate voltage result from the presence of the superconducting electrodes, whereas the broad background peak does not. This broad peak is presumably due to electron-electron interaction effects in the SWNTs, and, as shown by Bockrath et al. (8) , has properties that are consistent with a Luttinger liquid model of SWNTs. These coexisting features suggest that electron-electron interactions compete with proximity effects in this system.
Despite these possibly important electronelectron interaction effects, one may gain at least a qualitative understanding of the superconductivity-related phenomena observed at 4.2 K from a noninteracting picture of electron transport in a SWNT. Without interactions, transport across a single superconducting normal interface can be described in terms of a competition between normal and Andreev scattering processes, depending on the transparency of the interface (15) . Within this theory, at high interface transparency the Andreev reflection process-in which an incident electron is converted into a Cooper pair, leaving a reflected hole in the normal region (16)-occurs with large probability, leading to a reduction in the resistance below the superconducting gap. At low interface transparency-the so-called tunneling regime-Andreev reflection occurs with small probability and a peak in differential resistance is found at biases below the gap. For our experimental system, which contains two SWNT-Nb interfaces, a complete model should in principle take into account multiple Andreev reflections that would give rise to subharmonic gap structure (17) and a supercurrent (10) .
Neither subharmonic gap structures nor a supercurrent were observed experimentally, and so we can reasonably consider our devices at 4.2 K to consist of two independent interfaces in series. Within this picture, the crossover from the Andreev regime (V g 
K). Note that (A) and (B)
, respectively, show a dip and a peak at bias voltages below 2 to 3 mV, not seen in (C). The expected range of bias voltages for these features is ϳ2.9 mV, twice the gap of Nb (the factor of 2 accounting for two Nb-SWNT interfaces in series). Over this range of bias voltages, the relative size of the peak in dV/dI in the normal sample (C), onetenth of the total resistance, is about 3% of the relative peak size for the Nb sample (B). ϭ Ϫ40 V) to the tunneling regime (V g ϭ 0 V) evident in Fig. 3 is a consequence of the changes in interface transparencies as a function of gate voltage. This conclusion is consistent with the expected properties of 0.3-m ballistic (13) SWNTs, where changes in Fermi energy induced by typical gate voltages [for example, ϳ0.4 eV at V g ϭ Ϫ40 V (12)] are insufficient to alter the populations of electronic subbands. It is also in agreement with recent numerical results on how interface transparency depends on the Fermi energy in metallic nanotubes (18) .
At temperatures down to 4.2 K, the qualitative picture in which either Andreev or tunneling processes dominate transport (15) works well. As the temperature is lowered further, new features appear that cannot be explained within this picture. Specifically, below ϳ4 K, a narrow peak in dV/dI emerges around zero bias, superimposed on the Andreev dip (Fig. 5A ). This peak grows as the temperature is lowered, and by 40 mK dominates dV/dI measurements for almost all values of gate voltage, except for a few small intervals of V g where a dip at zero bias can still be observed (Fig. 5B) . No such peak is expected within a noninteracting picture. Similar low-temperature behavior of the differential resistance has been observed in two-dimensional electron gases connected to superconductors (19, 20) , and has been tentatively attributed to electron-electron interactions (21) . Electron-electron interaction may also explain the absence of subharmonic structure in dV/dI due to multiple Andreev reflections (17 ) as well as the absence of a supercurrent.
From this perspective, the recently reported observation by Kasumov et al. of a supercurrent in an individual SWNT sample as well as in SWNT ropes with superconducting contacts (10) is remarkable. It is particularly notable that the individual SWNT described in (10) had a higher normal-state resistance than in the present experiment [26 kilohms, compared to Ͻ18 kilohms (22)], which works against a proximity-induced supercurrent within a conventional picture. The experimental situation suggests that the basic physical mechanism responsible for a supercurrent in SWNT remains to be sorted out. The ability to control superconducting correlations in one dimension will greatly facilitate future study of this interesting phenomenon. (6) suggest that the stripe fluctuations may be inherent to the doped CuO 2 planes. The possibility of the formation of stripes had been discussed before these new findings (7) and it is proposed that the dynamic stripe fluctuation is a possible driving force for high-temperature superconductivity (HTSC) (8) . However, in spite of the accumulated interest, because of a lack of direct evidence for one-dimensionality, full consensus on the existence of spin-charge stripes has not been established. The difficulty is that the spin-charge stripes in the adjacent CuO 2 plane are directed by 90°to each other, as suggested from the neutron and x-ray scattering measurements (1, Department of Superconductivity, The University of Tokyo, Tokyo 113-8656, Japan.
